Sulfur tolerances of α-Al2O3 supported noble metal (Rh, Pt, Ir, and Ru) catalysts for steam methane reforming (SMR) at 700 were examined. Methane conversions over all catalysts decreased in the presence of dimethyl sulfide (DMS) as a sulfur contaminant in the SMR feed. Higher DMS concentration in the SMR feed accelerated the degradation rate of all catalysts. In general, sulfur poisoning is one of major reasons for catalyst degradation. The catalysts showed different degradation behaviors depending on the DMS concentration and the active metal species. Rh and Ru catalysts were deactivated completely within the first few hours of SMR with DMS. Methane conversions over Pt and Ir catalysts also decreased to some extent within hours, but subsequently remained unchanged. Pt and Ir catalysts poisoned by sulfur were fully regenerated after stopping the DMS feed, and Rh catalyst poisoned by sulfur recovered to some extent, whereas Ru catalyst poisoned by sulfur was little regenerated.
Introduction
Hydrogen production is one of the most important technologies in the chemical industry and for the wider use of fuel cell systems. Steam methane reforming (SMR, Eq. (1)) is the most common commercial process for the production of hydrogen and synthesis gas. In general, natural gas is used as the methane source. Industrial scale SMR uses a nickel-based catalyst which is very cost effective when operated at 800 or higher as SMR is an endothermic reaction 1) 4) . However, the nickel catalyst tends to accumulate considerable carbon deposits during SMR if the operating conditions fail to reduce the steam carbon ratio (S/C). Such carbon deposits result in serious degradation of the catalytic performance 5) 8) . In contrast, SMR for residential fuel cell applications uses a ruthenium-based catalyst which can be operated under lower S/C conditions, so that the ruthenium catalyst is more economical than the nickel catalyst. However, both nickel and ruthenium catalysts are sensitive to sulfur poisoning 9), 10) .
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Natural gas contains both nitrogen and sulfur components as impurities. The influence of nitrogen impurity on supported noble metal catalysts for SMR has been reported previously 11) . The sulfur impurity concentration is typically 5-500 ppm in natural gas 8) . Sulfur components are well-known poisons for catalysts 9 ),12) 21) . Consequently, a desulfurization process is generally installed to remove the sulfur components in natural gas before the steam reforming process 22) 27) . The desulfurization process usually uses a catalytic hydrodesulfurization process over Co _ Mo or Ni _ Mo catalyst at elevated temperature and pressure 26),27) . An adsorption process using adsorbents at ambient temperature and pressure has also been developed for practical use 24) , 25) . The adsorptive removal of sulfur components is preferable in terms of cost saving and easy operation. Dimethyl sulfide (DMS) is one of the most difficult sulfur components to remove from natural gas by the adsorption process 28) . Therefore, the development of SMR catalysts with high sulfur tolerance is very desirable, especially for DMS.
Few studies of the effects of sulfur components on novel metal catalysts for SMR have been reported 29) , but some effects of sulfur components in hydrocarbon fuels on steam reforming over noble metal catalysts are known 16 ),20),30), 31) . For example, carbon deposits were investigated over 10 wt% Ni/CeO2 _ Al2O3 catalyst during steam reforming of 3-methylbenzothiophene doped Norpar13, a liquid fuel from Exxon Mobil consisting of only normal paraffin with average carbon number of 13 32) . In addition, carbon formation on sulfur-poisoned Ru/Al2O3 catalyst was observed after low temperature steam reforming of naphtha carried out at 490 , and showed that higher sulfur concentration in the SMR reaction gas increased carbon formation on the catalyst 9) . Therefore, the spent catalysts are important to investigate to discover whether carbon deposits were formed on the catalyst surface or not.
The present study investigated the changes in performance of commercial Ni and Ru catalysts and prepared alumina supported Rh, Pt, Ir, and Ru catalysts for the SMR reaction in the presence and absence of DMS, as well as carbon formation, sintering of active metal, and regeneration behavior of the spent catalysts.
Experimental

1. Catalyst Preparation
All catalysts were prepared by a conventional impregnation method with aqueous solution containing active metal sources. The α-Al2O3 support material was prepared by calcination of a boehmite provided by Sasol (Catapal B) in air at 1300 for 2 h. The boehmite powder was pressed into pellets, crushed, and sieved to obtain the appropriate pellet size of 150-250 μ m p r i o r t o t h e c a l c i n a t i o n t r e a t m e n t . Commercial precious metal solutions, rhodium (III) nitrate nitric acid solution (Furuya Metal), iridium (IV) nitrate solution (Furuya Metal), diamminedinitroplatinum (II) nitrate solution (Kojima Chemicals), and ruthenium (III) nitrate solution (Tanaka Kikinzoku Kogyo) were used. The active metal solution was put into a flask together with the α-Al2O3 pellet and the mixture was stirred for 2 h under atmospheric pressure. The water solvent was then removed at 80 under vacuum (above 110 mmHg) using a rotary evaporator. The obtained solid product was dried in air at 110 overnight and calcined in air at 500 for 2 h. Metal loadings of all catalysts were adjusted to 1.0 wt%. In addition, commercial Ni and Ru based catalysts, 12 wt% Ni/α-Al2O3 (FCR-4-02) and 2.0 wt% Ru/ α-Al2O3 (RUA) supplied by Clariant Catalysts, were studied. These catalysts (2 mm dia., spherical shape) were crushed and sieved to obtain the appropriate pellet size of 150-250 μm for comparative evaluation.
Catalytic Activity Test
SMR was carried out using a fixed-bed flow reactor equipped with a quartz tube (I.D. 6 mm) at atmospheric pressure. Prepared catalyst 0.25 g (0.23 mL) or 0.50 g (0.45 mL) was placed in the tube and reduced at 700 for 30 min in 10 % H2/ 90 % N2 prior to the SMR test. Total flow rate of reduction gas was 100 mL min -1 . Reaction gas mixture (3.1 % N2/ 27.7 % CH4/ 69.2 % H2O with DMS) was fed into the catalyst bed at a total flow rate of 325 mL min -1 . Dry gas composition was 10 % N2/ 90 % CH4 with 0, 1, and 10 ppm DMS addition. The flow rate of dry gas (10 % N2/ 90 % CH4) was 100 mL min -1 and steam to carbon ratio (S/C) was 2.5.
The SMR test was carried out at 700 for 8 h and the gas hourly space velocity (GHSV) was ca. 43,000 h -1 . The outlet gas was cooled in an ice-cold trap and the product dry gas was analyzed using an on-line gas chromatograph equipped with a thermal conductivity detector (Shimadzu, GC-14B) and Shincarbon ST column (Shinwa).
Regeneration of the deactivated catalysts for SMR was carried out. Experimental procedure of the regeneration test was as follows: for the first 2 h, a gas mixture containing 10 ppm DMS was fed into the catalyst bed. Subsequently, a DMS-free gas mixture was fed for 24 h. Relative methane conversion was 1.0 when SMR was carried out under the normal test conditions without DMS addition from beginning to the end. This experiment was carried out under severe conditions (GHSV was ca. 86,000 h -1 ).
3. Catalyst Characterization
Fresh and spent catalysts were characterized as follows. Spent catalysts were analyzed after long-term SMR at 700 for 8 h (GHSV 43,000 h -1
) with and without 10 ppm DMS in the SMR reaction gas. The crystalline phase of catalysts was determined by powder X-ray diffraction (XRD, Ultima IV, Rigaku) using Ni-filtered CuKα radiation (λ 1.54 Å, 1 Å 10 -10 m) operated at 40 kV and 40 mA equipped with a D/teX Ultra detector.
Step scans were taken over the 2θ range of 20-70º in steps 0.010º and scan speed was 0.2º min -1 . The specific surface area of catalysts was determined by nitrogen adsorption and desorption at liquid nitrogen temperature ( 196 ) using a BELSORP-mini II (MicrotracBEL). The sample was initially dried at 150 for 2 h under vacuum using a BELPREP-vac. II (MicrotracBEL) prior to measurement. The specific surface area was determined by the Brunauer-Emmett-Teller (BET) method. The amount of adsorbed sulfur on the spent catalysts was measured by X-ray fluorescence (XRF, Epsilon 1, PANalytical) with an Ag target and a Cu-500 filter.
The morphology of noble metals in the catalysts was observed using a transmission electron microscope (TEM, JEM-2100F, JEOL). The operating voltage, emission current, and dark current were 200 kV, 230 μA, and 93-97 µA, respectively. The catalysts were crushed into powder and dispersed in ethanol with ultrasonic agitation, followed by transfer onto a copper grid. The metal surface area was calculated assuming that all metal particles were hemispherical and distributed uniformly. The average metal particle size was estimated from the TEM observations of 100 metal particles. The average particle size of metal was defined as follows (Eq. (2)):
where daverage represents average diameter of metal particles and n represents the number of metal particles. Carbon monoxide (CO) adsorption measurement was carried out in a BEL-CAT-ADVANCE (MicrotracBEL). Gas mixture of 10 % CO and 90 % He was pulsed repeatedly to the sample (0.1 g) until the amount of CO in the outlet gas became constant value at 50 in the He carrier. The CO chemisorption capacity of catalysts was determined, assuming that the ratio of chemisorbed CO to metals was 1 : 1. To study the amount and species of the deposited carbon on the spent catalysts, temperature programmed oxidation (TPO) was performed using a BEL-CAT-ADVANCE (MicrotracBEL). The spent sample (0.05 g) was heated at 5 min -1 from ambient temperature up to 900 under 20 % O2 and 80 % N2 (total gas flow rate was 30 mL min -1 ).
Results and Discussion
1. Effect of DMS on SMR over Commercial
Catalysts Durability tests of commercial Ni/α-Al2O3 (12 wt% Ni) and Ru/α-Al2O3 (2 wt% Ru) catalysts for SMR were carried out at 700 for 8 h with and without DMS under GHSV of 43,000 h -1 . The changes in methane conversions over the Ni/α-Al2O3 and Ru/ α-Al2O3 catalysts are shown in Figs. 1A, 1B, respectively. Methane conversions for both catalysts were maintained at ca. 70 % in the absence of DMS for 8 h. In contrast, methane conversions gradually decreased to almost zero after 2.0 h and 2.5 h, respectively, in the presence of DMS. Both Ni/α-Al2O3 and Ru/α-Al2O3 catalysts are deactivated by sulfur components 9),33) 37)
. However, the sulfur tolerances of Ni/α-Al2O3 and Ru/ α-Al2O3 catalysts under the same reaction conditions have never been compared. This study found the effects of sulfur poisoning on the SMR of commercial 12 wt% Ni/α-Al2O3 and 2 wt% Ru/α-Al2O3 catalysts were very similar.
2. Catalytic Activity of Noble Metal Catalysts
Durability tests of α-Al2O3 supported noble metal (Rh, Pt, Ir, and Ru) catalysts for SMR with and without DMS were carried out at 700 for 8 h under GHSV of 43,000 h -1 . Changes in methane conversions over α-Al2O3 supported Rh, Pt, Ir, and Ru catalysts are shown in Figs. 2A, 2B, 2C, 2D , respectively. Little catalyst degradation was observed for SMR in the absence of DMS over all catalysts. Initial methane conversions for the Rh/α-Al2O3 (conversion 72.2 %) and Ru/α-Al2O3 (conversion 71.0 %) catalysts were slightly higher than those of the Pt/α-Al2O3 (conversion 67.4 %) and Ir/α-Al2O3 (conversion 53.2 %) catalysts in the absence of DMS. On the other hand, methane conversions over the Rh/α-Al2O3 and Ru/α-Al2O3 catalysts dropped to almost zero in the presence of DMS. Methane conversions over the Pt/α-Al2O3 and Ir/ α-Al2O3 catalysts decreased to some extent after a few hours. Clearly addition of DMS to the feed deteriorates the catalytic performance for SMR. Furthermore, the methane conversions of the Pt/α-Al2O3 and Ir/ α-Al2O3 catalysts became stable at ca. 35 % and 10 %, respectively, indicating that the Pt/α-Al2O3 and Ir/ α-Al2O3 catalysts exhibit excellent sulfur tolerance superior to that of Rh/α-Al2O3 and Ru/α-Al2O3 catalysts.
Furthermore, the decrease rates of methane conversion for all catalysts under the 10 ppm DMS feeding condition were faster than those under the 1 ppm DMS feeding condition. Therefore, the degree of catalyst degradation due to the contaminated sulfur components depended on the DMS concentration in the SMR reac- tion gas. Thus, we consider that sulfur poisoning of the catalyst is one of the major reasons for catalyst degradation.
Characterization of Noble Metal Catalysts
The crystalline phase of the support material was confirmed as α-Al2O3 by XRD analysis (result is not shown) and the specific surface area of α-Al2O3 was 3 m 2 g -1 . The concentration of sulfur component in the spent catalyst was below the lower detection limit ( 300 ppm), as confirmed by the XRF analysis. Furthermore, no formation of the metal sulfide phase for each catalyst was found by the XRD analysis. Thus, the amount of sulfur species chemisorbed on the catalyst surface could not be detected in the present study.
1. CO Chemisorption
The amounts of CO chemisorbed on the fresh (after reduction at 700 for 0.5 h) and the spent catalysts after the SMR tests shown in Fig. 2 are summarized in Fig. 3 . Amounts of CO were higher on the fresh catalysts than on the spent catalysts. Amounts of CO chemisorbed on the spent catalysts after SMR without DMS were slightly lower than those on the fresh catalysts. The slight initial decreases of methane conversions on all catalysts as shown in Fig. 2 (open circle) are due to sintering of the active metals and/or carbon deposition on the catalyst surfaces. The amounts of CO chemisorbed on the spent catalysts after SMR with DMS were lower than those after SMR without for all catalysts.
Methane conversions for the Rh/α-Al2O3 and Ru/ α-Al2O3 catalysts after SMR for 8 h in the presence of 10 ppm DMS were almost zero as shown in Figs. 2A,  2D (open diamond). However, the amounts of CO chemisorbed on the spent Rh/α-Al2O3 and Ru/α-Al2O3 catalysts after SMR with DMS were still 0.05 cm 3 g-cat -1 and 0.01 cm 3 g-cat -1 , respectively. These results show that the CO adsorbed sites of the spent Rh/α-Al2O3 and Ru/α-Al2O3 catalysts measured by CO chemisorption was not active for SMR. Therefore, SMR performance of the spent catalysts cannot be evaluated by the CO chemisorption method.
2. TEM Observation
TEM images and metal particle size distribution histograms of the spent α-Al2O3 supported Rh, Pt, Ir, and Ru catalysts after SMR without DMS for 8 h are shown in Figs. 4, 5 and of the spent catalysts after SMR with 10 ppm DMS for 8 h are shown in Figs. 6, 7 , respectively. Surface area and average particle size of metals and standard deviation of distribution of metal particle sizes for the fresh and spent catalysts based on the TEM images are summarized in respectively, very similar to those of the fresh catalysts. In the case of the Ru/α-Al2O3 catalyst, the average particle size of Ru metal varied from 9.1 to 13.3 nm after SMR without DMS for 8 h. Therefore, the Ru metals on the Ru/α-Al2O3 catalysts were sintered during SMR, although the change in methane conversion was negligible as shown in Fig. 2D (open circle). The average particle size of Pt metal increased from 3.6 to 8.3 nm after SMR with DMS. DMS in the reaction gas causes severe sintering of Pt metal particles, leading to slight degradation of Pt/α-Al2O3 catalyst as shown in Fig. 2B . The average particle sizes of Rh, Ir, and Ru metals for the spent catalysts after SMR with DMS for 8 h were 3.1, 3.7, and 12.7 nm, respectively, very similar to those of the spent catalysts after SMR without DMS. Therefore, the metal particle distributions on the spent α-Al2O3 supported Rh, Ir, and Ru catalysts were not affected by addition of DMS in the The standard deviation of the distribution of metal particle sizes for spent α-Al2O3 supported Rh, Pt, and Ir catalysts after SMR without DMS were 2.0-2.8 and that of the spent Ru/α-Al2O3 catalyst was 6.8. The standard deviation in the spent Pt/α-Al2O3 catalyst after SMR with DMS changed from 2.0 to 8.6, whereas the standard deviations of the spent α-Al2O3 supported Rh, Ir, Ru catalysts showed relatively small changes. The Pt metal particles in the Pt/α-Al2O3 were strongly sintered by addition of DMS during SMR for 8 h.
No carbonaceous species were observed in all spent catalysts after SMR without DMS by the TEM images as shown in Fig. 4 . On the other hand, unique carbonaceous species were observed for the spent Pt/α-Al2O3 and Ru/α-Al2O3 catalysts after SMR with DMS as shown in Figs. 6B, 6D , respectively. Carbon whiskers and accumulated carbon deposits on the Pt metal particles loaded on the support surface were formed in the spent Pt/α-Al2O3 catalyst after SMR with DMS. Carbon layers accumulated on the metal and support surfaces of the spent Ru/α-Al2O3 catalyst. These results indicate that DMS in the SMR reaction gas promotes the formation of carbonaceous species.
TPO Analysis
TPO profiles (m/z 44 signal as CO2) of the spent catalysts are shown in Fig. 8 . CO2 formation derived from the carbon deposits was confirmed for all spent catalysts. In addition, various carbonaceous species were formed on the spent catalysts during SMR regardless of the presence or absence of DMS in the feed. The contents of carbonaceous species on the spent α-Al2O3 supported Rh, Pt, Ir, and Ru catalysts after SMR without DMS were 0.1, 0.3, 0.2, and 0.2 wt%, respectively. Low temperature CO2 formation (TPO) peaks were observed at 200-400 as shown in Fig. 8A . TPO profiles (m/z 18 signal as H2O) were also observed in the low temperature range (results not shown). These results indicate that the carbonaceous species originated in the hydrocarbon species. Methane conversion remained almost constant during SMR without DMS. The hydrocarbon species formed on the spent catalysts after SMR without DMS did not affect the catalytic performance.
In contrast, high temperature TPO peaks at more than 400 were detected combined with the low temperature peaks in the TPO profiles of all spent catalysts after SMR with DMS. The presence of DMS promoted the formation of the carbonaceous species assigned to the high temperature TPO peak. Moreover, TPO profiles , GHSV 43,000 h -1 . . Therefore, the deposited carbon on the catalysts was mostly derived from methane in the SMR feed. Rh/α-Al2O3 and Ru/ α-Al2O3 catalysts were deactivated completely during SMR with DMS, indicating the decrease of catalytic performance might be caused by the formation of carbonaceous species assigned to the high temperature TPO peaks. Catalytic deactivation of Ru/Al2O3 catalyst due to carbonaceous species deposition caused by contamination of sulfur compounds in fuel gas feed has also been reported 9) . The results of TEM observation and TPO analysis of the spent catalysts suggested that whisker type carbon was formed on Pt/α-Al2O3 (Fig. 6B) and layered type carbon on Ru/α-Al2O3 (Fig. 6D) as the carbonaceous species assigned to the high temperature TPO peaks as shown in Fig. 8B. Figure 9 shows the changes in relative methane conversions for the deactivation and regeneration tests of SMR over all catalysts. The Rh/α-Al2O3 and Ru/ α-Al2O3 catalysts were deactivated completely for the first 2 h. However, the relative methane conversion of the Rh/α-Al2O3 catalyst increased to 0.6 from 0.0 after changing to DMS-free feed. In contrast, the relative methane conversion of the Ru/α-Al2O3 catalyst remained quite low after stopping the DMS feed. Therefore, the sulfur poisoned Rh/α-Al2O3 catalyst recovered some SMR performance after stopping the DMS feed. This observation suggests that Rh catalyst has two types of active site: (i) sites where DMS is reversibly adsorbed, and (ii) sites where DMS is strongly adsorbed and/or sulfide is formed. Therefore, Ru/ α-Al2O3 catalyst poisoned by sulfur was not regenerated completely after stopping the DMS feed because of DMS poisoning due to the strong adsorption and/or the formation of sulfide on the metal, as well as by the formation of layered carbon accumulated on the metal and support surfaces. The difference in regeneration behaviors between the Rh and Ru catalysts can be also discussed in terms of the carbon deposits. Ru/α-Al2O3 catalyst accumulated a carbonaceous layer after the durability test for 8 h in the presence of DMS as shown in Fig. 6D . In contrast, Rh/α-Al2O3 catalyst had accumulated no carbonaceous species after the same treatment as shown in Fig. 6A . The difference in regeneration behaviors of these catalysts might be caused by the difference in their carbon deposition properties.
4. Regeneration after Stopping the DMS Feed
The relative methane conversions for the Pt/α-Al2O3 and Ir/α-Al2O3 catalysts also decreased for the first 2 h from 1.0 to 0.45 and 0.1, respectively, but gradually recovered to ca. 1.0 after stopping the DMS feed. Therefore, the Pt/α-Al2O3 and Ir/α-Al2O3 catalysts were poisoned by sulfur only in the presence of DMS. Consequently, the effect of DMS on the catalytic performance of the Pt/α-Al2O3 and Ir/α-Al2O3 catalysts for SMR is considered to be temporary. For example, adsorbed sulfur species derived from DMS on the catalyst disappeared after stopping the DMS feed because the sulfur species were weakly adsorbed. Carbon deposits on the catalyst surfaces of the Pt/α-Al2O3 catalyst were also observed after the durability test of SMR with DMS for 8 h as shown in Fig. 6B . Whisker-like carbon species were observed on the spent Pt/α-Al2O3 catalyst (Fig. 6B ) and the total carbon amount was 1.4 wt%. Therefore, carbon deposition may be one of the causes of catalyst degradation of the Pt catalyst. However, the SMR performance of the Pt/α-Al2O3 catalyst poisoned by sulfur was regenerated completely by the change to DMS-free feed. Therefore, we suppose that the Pt/α-Al2O3 catalyst has three different catalytic active sites: SMR sites not poisoned, SMR sites temporarily poisoned, and carbon formation sites. The third sites were only formed during SMR with DMS, because whisker-like carbon was not deposited on the other spent catalysts during SMR with DMS and on the spent Pt/α-Al2O3 catalyst during SMR without DMS.
Conclusions
Sulfur tolerance of α-Al2O3 supported noble metal catalysts was investigated during the steam methane reforming (SMR) reaction in the presence or absence of dimethyl sulfide (DMS). The effect of DMS on the catalytic performance of Ru/α-Al2O3 was significant; the catalyst was completely deactivated during SMR with DMS, and was little regenerated after change to DMS-free feed. This deactivation is presumably caused by DMS poisoning due to strong adsorption and/or formation of sulfide on the metal as well as by the formation of layered carbon accumulated on the metal and support surfaces. Rh/α-Al2O3 catalyst was deactivated completely during SMR with DMS, but the performance recovered to some extent after stopping the DMS feed. Therefore, two types of active Rh site were probably present: (i) sites where DMS is reversibly adsorbed, and (ii) sites where DMS is strongly adsorbed and/or sulfide is formed. In contrast, the catalytic performance of Pt/α-Al2O3 was decreased to some extent during SMR with DMS, probably due to temporary poisoning of the Pt metal surface. The catalytic performance of the Pt/α-Al2O3 catalyst poisoned by sulfur was regenerated completely after stopping the DMS feed. Sintering of Pt metal and formation of whisker-like carbon species were observed, but the effects on the catalytic performance were smaller than DMS poisoning. Degradation of Ir/α-Al2O3 was more serious than that of Pt/α-Al2O3 catalyst during SMR with DMS, but the regeneration behavior of Ir/α-Al2O3 was very similar to that of Pt/α-Al2O3. Presumably Pt/α-Al2O3 and Ir/α-Al2O3 have only the sites where DMS is weakly adsorbed. In addition, Pt/α-Al2O3 exhibited higher performance than Ir/α-Al2O3 for SMR. We conclude that Pt/α-Al2O3 catalyst is a promising catalyst for SMR of feedstock containing DMS.
